The authors observed the surface morphology transition from the atomically flat two dimensional layer-by-layer mode to the three dimensional pyramidal mode of heteroepitaxial PbTiO 3 ͑PTO͒ islands synthesized by hydrothermal epitaxy by scanning electron microscopy and atomic force microscopy. Two types of ͑001͒ Nb-SrTiO 3 ͑NSTO͒ with the same step height, ϳ0.25 and ϳ1 m terrace widths, were used for substrates. They found the critical island thickness at which the growth mode of PTO island was converted and its relation to the terrace width of the substrate. It is suggested that the relaxation of the misfit strain, which originates from out-of-plane lattice mismatch between the PTO island unit cell and the NSTO substrate step or somewhere interior of the film, has an effect on the PTO island growth mode transition. 3 Heteroepitaxial structure with low defect levels is preferable or essential in most of these applications because it could potentially exhibit superior crystallographic and physical properties of ferroelectric materials, resulting in improved device performance and characteristics. 4 Hydrothermal epitaxy is a low-temperature way to create heteroepitaxial thin films through utilization of the chemical reaction of inorganic materials on structurally similar substrates. Chien et al. created heteroepitaxial PTO film on a ͑100͒ SrTiO 3 cubic crystal substrate under various processing conditions, varying reaction time, temperature, and substrate orientation.
Ferroelectric thin films with perovskite structure such as BaTiO 3 , PbTiO 3 ͑PTO͒, and Pb͑Zr, Ti͒O 3 have been great potential for engineering devices including ultrasonic sensors, 1 infrared detectors, 2 and ferroelectric random access memory. 3 Heteroepitaxial structure with low defect levels is preferable or essential in most of these applications because it could potentially exhibit superior crystallographic and physical properties of ferroelectric materials, resulting in improved device performance and characteristics. 4 Hydrothermal epitaxy is a low-temperature way to create heteroepitaxial thin films through utilization of the chemical reaction of inorganic materials on structurally similar substrates. Chien et al. created heteroepitaxial PTO film on a ͑100͒ SrTiO 3 cubic crystal substrate under various processing conditions, varying reaction time, temperature, and substrate orientation. 5 Recently, Jung et al. synthesized a heteroepitaxial PTO film with a +c monodomain and good P-E hysteresis on a Nb-doped ͑100͒ SrTiO 3 ͑NSTO͒ crystal substrate using hydrothermal epitaxy at 160°C below T c ͑=490°C͒. 6 Ahn et al. also successfully controlled the hydrothermal process conditions to fabricate a nano-/micronsized epitaxial ͑001͒ PTO island on NSTO substrate, and investigated the relationship between as-fabricated polarization state and island size by using atomic force microscopy ͑AFM͒ and piezoresponse force microscopy. It is believed that the ferroelectric film or island created by this process does not undergo phase transition to the tetragonal from the cubic ferroelectric phase. 7 Film growth mechanism as well as intrinsic ferroelectric size effect can be understood by hydrothermal epitaxy.
In this letter, we report the growth mode transition to three dimensional ͑3D͒ pyramidal mode from two dimensional ͑2D͒ layer-by-layer mode of a nano-/micron-sized PTO island on NSTO substrate, which was fabricated by hydrothermal epitaxy. Two kinds of unmodified NSTO substrates with different ͗110͘ miscut angles were chosen for substrates. Both substrates were treated with a buffered NH 4 F -HF solution for 30 s, and annealed at 1000°C for 1 h in an O 2 atmosphere. 8 These treatments resulted in two kinds of the substrates with the same step height of ϳ4 Å, one had a terrace width of ϳ250 nm and the other a width of ϳ1 m. Then the substrates underwent the modified hydrothermal process 7 and nano-/micron-sized heteroepitaxial ͑001͒ PTO islands on both substrates were synthesized at 220°C for 2 h below Curie temperature. After that, the island geometries were observed by scanning electron microscopy ͑SEM͒ and the detailed surface morphologies were investigated as functions of the lateral size and thickness by using AFM working in noncontact mode.
Typical nano-/micron-sized PTO islands formed on the NSTO substrates with ϳ250 nm terrace width ͑hereafter: sample 1͒ and ϳ1 m terrace width ͑hereafter: sample 2͒ during the hydrothermal process are shown in Figs. 1͑a͒ and 1͑b͒, respectively. The island surface is a ͑001͒ plane of the PTO tetragonal phase and the surface morphology of both substrates before a hydrothermal process can be seen in the inset of Fig. 1 . The steps of the substrate, which are wavy, are along the ͗110͘ directions. Each PTO island was fabricated under a hydrothermal process which has different lateral sizes and thicknesses. The island size distribution indicated that each island had a different nucleation beginning. Our SEM and AFM observations revealed a tendency for the island to change to the rectangular shape along the ͗100͘ directions from the asymmetrically rounded shape as the island thickness increased. Typically, the rectangular shaped islands were observed in sample 1, as shown in Fig. 1͑a͒ , and the asymmetrically rounded islands were present in sample 2, as shown in Fig. 1͑b͒ . It appeared that each island in these figures had a very smooth surface within the limit of SEM resolution.
Closer observation of the island surface morphologies was carried out by AFM working in noncontact mode. Typical small islands of samples 1 and 2 are shown in Figs. 2͑a͒ and 2͑b͒, respectively. As shown in Figs. 2͑c͒ and 2͑d͒, the AFM line profiles of samples 1 and 2, the islands clearly have an atomically smooth surface with roughness less than PTO one unit cell ͓Ͻ0.4 nm, ͑c͒ 0.28 nm, and ͑d͒ 0.25 nm͔. When the islands are small, they grow with a layer-by-layer mode via aggregation by the diffusion of newly deposited ions. However, a large island does not have an atomically flat surface as shown in AFM images of Figs. 2͑e͒ and 2͑f͒ and in the line profiles of Figs. 2͑g͒ and 2͑h͒, the surface consists of various pyramid sizes. This aspect can be seen on the line profile, which was obtained on the line AB. The pyramid structure can be more clearly seen on a large island surface in sample 2, as shown in Fig. 2͑f͒ . In this case, an island has only one pyramid with steps, and the step edges exactly run along both tetragonal ͗100͘ directions. The line profile in Fig. 2͑h͒ yielded a pyramid height of about 3 nm, and a step height of approximately 0.4 nm, corresponding to c-lattice parameter of PTO, and the terrace width is about 230 nm. Our AFM observation revealed that the value of the terrace width was very sensitive to the pyramid size while the step had a constant height of one unit cell. If the terrace width is close to an AFM tip diameter, the detailed step structure like Fig. 2͑h͒ would not be obtained. Therefore, we anticipate the small pyramids in Figs. 2͑e͒ and 2͑g͒ have a terrace width close to an AFM tip diameter so we cannot resolve the steps of the pyramid.
We investigated each of the detailed surface morphologies as functions of the lateral size and the thickness over the whole islands. The results for samples 1 and 2 are shown in Figs. 3͑a͒ and 3͑b͒, respectively. Each plot showed that the critical boundary ͑hereafter, CB͒ between the 2D and 3D growth mode existed in a certain region. The 2D layer-bylayer growth mode was favorable for the island growth below CB, while the 3D pyramidal growth mode was dominant above CB. The boundary was less sensitive to the island lateral size than it was to the island thickness. Interestingly, the critical island thickness depended on the substrate surface morphology, especially the terrace width. When the terrace width increased from ϳ250 nm to ϳ 1 m, it decreased inversely from ϳ180 to ϳ 70 nm. Figure 4͑a͒ shows a high-resolution AFM image of a pyramid in sample 2. The detailed structure of the step pyramid showed clearly that the step edge proceeded outward from the center in spiral fashion. This spiral structure has been introduced by Burton-Cabrera-Frank theory as a result of screw dislocations whose Burgers vector has a component normal to the surface in which the dislocation ends so it sends out successive turns of steps. 9 If the spiral starts from a pair of dislocations, then closed loops are formed. This case was also observed and is shown in Fig. 4͑b͒ . A large island above a critical thickness in sample 1 had many small pyramids on its ͑001͒ surface ͓Fig. 2͑e͔͒, whereas an island in sample 2 had only one or two pyramids ͓Figs. 2͑f͒ and 4͑b͔͒. This indicated that the density of the screw dislocation was largely affected by the substrate terrace width when the PTO island grows.
FIG. 2.
͑Color online͒ AFM images of a small PTO island grown on the substrate with ͑a͒ ϳ250 nm terrace width and ͑b͒ ϳ1 m terrace width, and line profiles of its surface grown on the substrate with ͑c͒ ϳ250 nm terrace width and ͑d͒ ϳ1 m terrace width. AFM images of a large PTO island grown on the substrate with ͑e͒ ϳ250 nm terrace width and ͑f͒ ϳ1 m terrace width, and line profiles of its surface grown on the substrate with ͑g͒ ϳ250 nm terrace width and ͑h͒ ϳ1 m terrace width. Note that all line profiles were obtained from AB line on the respective AFM image. It is possible to analogize from Figs. 3 and 4 that once the island thickness reaches a critical value, the screw dislocations are formed on the PTO island surface. In our study, the Burgers vector b of a dislocation is in the ͓001͔ direction ͑b = a͓001͔͒ parallel to the dislocation line. Kyutt et al. 10 showed the in-plane lattice mismatch between the GaSb epilayer and the GaAs substrate is allowed to occur the high density nucleation of threading dislocations of 10 10 cm −2 after 1 m of materials has been grown. He noted that the threading dislocation at the surface had a mainly screw character and it was observed by AFM in Brar et al. 11 Suzuki et al. also reported that in-plane lattice mismatch ͑⌬a / a Ϸ 1%͒ between the BaTiO 3 film ͑a 0 = b 0 = 3.994 Å, c 0 = 4.038 Å͒ and SrTiO 3 ͑100͒ substrate ͑a 0 = b 0 = c 0 = 3.905 Å͒ was due to a partially relaxed misfit dislocations with Burgers vectors of type a͗100͘ and that inclined threading dislocations with directional Burgers vectors ͓110͔ correlated with those dislocations. 12 In PTO/STO heteroepitaxial structures, in-plane lattice mismatch between tetragonal PTO island ͑a 0 = b 0 = 3.904 Å͒ and cubic NSTO substrate was nearly close to zero ͑⌬a / a Ϸ 0.026% ͒.
13 Moreover, our PTO islands did not undergo the phase transition and grew directly with the tetragonal ferroelectric phase. Therefore, it is still outstanding in our study how the in-plane relaxation results in a screw component on the surface. However, outof-plane lattice mismatch between tetragonal PTO island ͑c 0 = 4.125 Å͒ and cubic NSTO substrate ͑c 0 = 3.905 Å͒ is ϳ5.6%, larger than in-plane lattice mismatch. Recently, Godet et al. 14 reported that a simple surface defect, such as a step, makes it easy to form dislocations by lowering the elastic limit and initiating the plastic deformation. The pure ͗001͕͘110͖ shear stress is generated by the out-of-plane lattice mismatch inside the ͕110͖ plane containing the vicinal step and normal to the surface and accumulates at each ͗110͘ vicinal step of the substrate as the island thickness increases. When the island reaches a critical thickness, a screw dislocation forms and propagates along the ͕110͖ plane in the ͗110͘ direction thanks to the shear stress. If the dislocation is pinned due to the wavy terrace, the three dimensions spiral growth process can occur, as shown in Fig. 4 . The island shape is then transformed from rounded to rectangular as the size increases.
Interestingly, the critical boundary of the 2D-to-3D growth mode transition of sample 2 was lower than that of sample 1, as shown in Fig. 3 , notwithstanding that there are more islands with rectangular shape in the case of sample 1. It is possible that there is a stress relaxation mechanism in two stages in sample 1. First, the screw dislocations appear in the small islands and move freely along the ͗110͘ step.
Second, as the island grows and spreads on more steps, larger shear stress would be presented along the ͗110͘ step which results to the formation of new screw dislocations. However, it is more favorable that the dislocation is pinned on the wavy terrace leading to the 3D spiral growth in the case of the larger island. Moreover, the terrace having greater terrace width is wavier than the narrow terrace, as shown the inset of Fig. 1 . Accordingly, the first stress relaxation could be responsible for the higher CB on sample 1 than on sample 2.
In summary, we investigated the 2D-to-3D growth mode transition of heteroepitaxial PTO islands synthesized on ͑001͒ NSTO substrate by hydrothermal epitaxy. We determined a critical island thickness at which the growth mode of PTO island was converted from 2D layer-by-layer mode to 3D pyramidal mode, and also found that it was dependent on the terrace width of the substrate. We suggested that the growth mode changed at a critical thickness of the PTO island, which was closely related to the out-of-plane lattice mismatch at the interface between the PTO island and substrate, and the terrace width of the substrate.
